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This paper will review the feasibility status from the recent global test research efforts for ‘interim’ near 
drop-in refrigerants with low global warming potential (GWP) with a focus on R410A replacement 
candidates for Unitary A/C & H/P.  R32 and the HFO blends can offer near drop-in solutions with a 
reasonable balance of trade-offs among GWP, efficiency, A2L flammability, and system costs after  
appropriate building codes are available for commercialization.  
 
With the advent of further GWP phase down driven by the December 2015 Climate Change Agreement in 
Paris and pending changes to Montreal Protocol coupled with the imminent U.S. EPA SNAP de-listing 
and the U.S. DOE mandating new higher efficiency standards taking effect in 2020+, there is even more 
pressure for finding ‘long-term’ refrigerant solutions to meet the 15-20% GWP cap for 2030+ that can 
sustain efficiency, potentially reduce charge requirements and are cost effective.   
 
Theoretical and test results from various compressor and system tests with R32 and the HFO blends will 
be presented as ‘interim’ 2020+ solutions.  Long-term 2030+ solutions and their tradeoffs are 
conceptualized and discussed for typical A/C residential and commercial applications from both GWP 




The announcement of the Europe F-Gas regulation, and further alignment at the Paris Climate Change 
Agreement in 2015 has led to a global proposal to gradually phase-down the production of HFCs in the 
next 25+ years as shown in Fig. 1. Developing countries such as China, India and Mid East where HCFC-
22 is still the predominant refrigerant are negotiating for even longer schedules.  Fig. 2 shows the long 
term challenge North America faces in meeting the ultimate production cap of 15-20% by 2035 versus 
business-as-usual.  Adding to the global climate pressure is also the simultaneous mandate from the U.S. 
DOE for higher minimum system efficiency standards by 2023. 
                                                  Fig. 1                                         Fig. 2 
 Source : DOE http://energy.gov/eere/buildings/articles
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As can be inferred from Fig. 1, the long-term solution could be 15-20% of R410 GWP of 1924 based on 
AR5 (about 300-400 GWP) with interim solutions targeting 750 GWP as in many recent proposed 
restrictions (F-Gas, California, etc).  Fig. 2 shows some long-term uncertainties exist relative to the 
deferred baseline and the potential future R410 service aftermarket, with both expected to grow. However, 
potential goodness factors are that other segments including Refrigeration will likely reach < 150 GWP 
much ahead of the HVAC segment.  There is also potential for smaller compact low-leak heat exchangers 
with lower charge, refrigerant containment, and reclaim benefits.  Fig. 3 conveys the merit of evaluating 
R410A alternatives by balancing GWP, efficiency and A2L flammability and Life Cycle Climate 
Performance (LCCP) as they jointly impact overall system cost. 
 




For the residential and commercial air conditioning applications, recent global screening efforts continue 
with 20+ remaining candidates under the Air Conditioning, Heating and Refrigeration Institute (AHRI) 
Low-GWP Alternative Refrigerants Evaluation Program (LGWP AREP).  The search is for interim lower 
GWP replacements among R32 and the HFO blends that offer more affordable tradeoffs among efficiency, 
GWP, flammability and high-ambient performance for hot climates such as Mid-East countries.  Industry 
focus has been on finding near drop-in solutions driven by the timing of the upcoming incorporation of 
A2L flammability standards into building codes likely by 2021 and the subsequent EPA SNAP de-listing 
likely by 2025.  AHRI is also conducting key research on flammability risk assessment to provide 
supporting basis for several A2L standards under development.   
 
 
2. INTERIM 750 GWP A2L SOLUTIONS - R32 and NEAR DROP-IN HFO BLENDS 
 
As shown in Table 1 below, recent summaries presented at the AHRI AREP January 2016 conference 
during the Winter ASHRAE meetings seem to show pure R32 (677 GWP) and the R1234yf-based blends 
R452B (DR-55) and R454B (DR-5A) as the leading near drop-in A2L candidates, with both capacity and 
EER properties within a few percent of R410A.  Some R1234ze(E)-based blends such as R446A (L41-1), 
R447A (L-41-2), and R447B (L-41z) have also been evaluated but these tend to require more compressor 
upsizing and have higher temperature glide due to the lower capacity of R1234ze(E) compared to the 
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R1234yf component.  All these candidates now have received an ASHRAE ‘R’ number designation.  Pure 
R32 overall has good performance, but its main challenge is its high heat of compression which may 
require some mitigation for elevated compressor discharge temperatures. Adding the R125 component 
helps raise capacity as well as reduce burning velocity within the A2L flammability class, albeit resulting 
in higher overall GWP.   
Table 1 
 
    R1234yf-based A2L blends (DR-55/DR-5A)  R1234ze(E)-based A2L blends (L-41) 
 
R454B     R32/R1234yf, 69/31,              464 GWP           R446A R32/R1234ze/R600, 68/29/3,       470 GWP  
R452B       R32/R1234yf/R125, 67/26/7, 677 GWP       R447A R32/R1234ze/R125, 68/28.5/3.5, 570 GWP 
        R447B R32/R1234ze/R125, 68/24/8,       710 GWP  
 
Japan and China have commercialized low-charge mini split ACs with R32 driven by its low cost and 
broad supply availability base while the U.S. and EU have also been investigating the HFO-based blends 
recognizing commercialization is unlikely until the building codes consider A2L refrigerants.  R32 is not 
a new refrigerant - it was studied during the 1990s search for zero-ODP solutions but not adopted due to 
flammability considerations.  Now, the low-GWP search must consider some degree of flammability, 
given the narrow list of low GWP A1 alternatives.  All the R410A-like candidates are with an ASHRAE 
A2L flammability rating, with some tradeoffs among efficiency, GWP, charge limit and cost.   
 
The general advantages and disadvantages of these candidates over R410A can be summarized below 
based on their theoretical properties and the AREP test results:  
 
+ similar pressure and pressure ratio, near drop-in replacement without major system redesign 
 + lower refrigerant charge due to lower liquid density 
+ relatively better performance at higher ambients 
+ favorable heat pump heating performance  
  + better heat transfer and pressure drop 
- A2L mild flammability rating with some variations in burning velocity 
- higher compressor discharge temperature from higher vapor specific heat 
 




Fig. 4 is a plot of all AREP phase I and II results to-date for R32 and the blends in Table 1.  It can be seen 
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the key differences between the leading R32 and the R452B/R454B which are fairly close in performance.  
R454B is preferred in Europe for lower GWP.  R452B offers lower burning velocity among the A2L 
candidates.  R32 offers 10% incrementally lower charge than R452B/R454B.  However, R32 yields much 
higher compressor discharge temperature and will likely require mitigation or operating envelope 
modification.  Also, R32 will require new polyolester (POE) oil formulation, as existing polyolester (POE) 
oils are not miscible with R32.  Regarding performance, R32 will require about 5% compressor 
downsizing to achieve 1-2% better efficiency at equal capacity while R452B is a nearer drop-in.  R32 is 
lower refrigerant cost than R410A while R452B is at a somewhat higher cost due to the inclusion of 
R1234yf.  R32 has no glide and more potential to optimize with smaller heat exchanger tube volume for 
further charge reduction.   
 
3. COMPRESSOR IMPROVEMENTS FOR INTERIM SOLUTIONS 
 
The compressor performance has a strong role in the comparison among these candidates depending on 
how actual volumetric and isentropic efficiencies can be practically optimized.  Figs. 5 and 6 illustrate the 
impact of higher R32 discharge temperature and the subsequent implications on operating envelope 
limitations, particularly at the max ambient AC condition and low ambient heat pump / high compression 
ratio condition.    
 
Fig. 5: Discharge Temperature R32/R452B/R410A  
 
 
Fig. 6: Operating Envelope R32/R410A 
  
 
This implies that the operating Tevap/Tcond envelope limits for R32 would be less than R410A for the 
same maximum allowable discharge temperature limitation.  Options for reducing the impact of 
compression heat may include 1) reducing the entering suction superheat through better system flow 
control such as Electronic Expansion Valve (EXV), 2) optimizing compressor internal design, features 
and materials of construction 3) employing compressor vapor injection (VI) or liquid injection (LI) cycle, 
or 4) improve the oil to enable higher maximum allowable discharge temperature.     
 
With R452B lower discharge temperature closer to R410A than R32, it is also possible to deploy system 
flow control and compressor redesign (options 1 and 2) coupled with the operating envelope being less 
demanding with the upcoming U.S. DOE new residential 15+SEER standard and Commercial IEER 
standard by early 2020+.  For air-to-water reversible hydronic H/P systems, as found in Europe, where 
much higher Tcond is required for heating water, the addition of vapor injection (option 3) is likely 
needed, which fortunately has already been deployed today with R410A systems.  Figs. 7 and 8 show 
relative compressor capacity versus R410A for a current generation 3-ton scroll compressor, comparing 
R32 and R452B respectively at three A/C and one Low Temperature H/P conditions typically 
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Fig. 7:  3-Ton Scroll  performance                  
(R32/R410 Capacity) 
 




Figs. 9 and 10 show the same relative comparisons for compressor EER.  It should be noted here that 
most of the AREP tests were with previous generation.  It should be also mentioned that although the 
results are shown for Residential scroll compressors, the trends are also applicable to Commercial scroll 
compressors which were tested in rooftop units in AREP phase II 
 
Fig. 9: 3-Ton Scroll  performance  
(R32/R410 EER) 
 





4.  LONG TERM SOLUTION PATHS 
 
As we look further towards the 15-20% GWP production cap beyond 2030+, it is clear the industry will 
need solutions beyond the interim 750 GWP solutions above, likely in the 300-400 GWP range or lower 
as discussed in Section 1.  Fig. 11 reviews the refrigerant landscape by refrigerant pressure group versus 
GWP as well as the several potential long term paths towards < 300 GWP while Fig. 12 shows the 
general known trade offs between GWP and efficiency from AHRI AREP data and the 2010 NEDO  
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Fig. 11: Long Term <300 GWP Options  
  
  Fig. 12:  Efficiency vs GWP Trade Offs 
 
 
Section 2 had discussed the first Path #1 to transition from R410A towards an interim value of 750 GWP 
as nearest drop-in A2L solutions since it can be seen from Fig. 11 that there is no robust A1 solution        
< 750 GWP.  After A2L fluids have been deployed in the industry with the interim solutions, the next 
logical long term step would be to move further with Path #2 towards the 300-400 GWP range, with 
potentially about 5% efficiency penalty, mostly due to the lower performance properties of the R1234yf 
or R1234ze component in the lower GWP A2L fluids.   
 
If this R22-like 300-400 GWP range is not low enough due to long term uncertainty, then the next move 
along that same line would be to move further with Path #3a down to <150 GWP with more significant 
15% efficiency penalty and significant redesign and cost for the system.  Continuing Path #3a further 
down towards < 1gwp with pure R1234yf or R1234ze would likely lead to challenging double digit 
efficiency penalties, resulting in challenging redesign and cost additions.  This path #3a likely will change 
components disruptively as compressor displacement has to be increased 2-3x, heat transfer tube 
increased back to 3/8” or larger, and heat exchanger circuits 2x larger to reduce pressure drop, resulting in 
much larger and heavier outdoor units.  Also, the field interconnecting refrigerant suction line has to be 
increased significantly, making field replacement more labor-intensive for contractors.     
 
If all the components changed significantly, the system architecture may be impacted and it may be 
appropriate to review what other system architectures could also be considered.  Two other alternative 
paths #3b and #3c are shown in Fig. 11 which also involve changes in system architecture.  Table 3 shows 
a qualitative high-level comparison for these long term paths which may follow after the Path #1 interim 
solutions.  The main disadvantage of Path #2 300-400 GWP HFO blends, albeit manageable, is the higher 
cost for compressor, refrigerant and system with the shifting of more R1234yf or R1234ze to the blend.  
Path #3a pure HFO and/or 150 GWP HFO blends would exacerbate the efficiency penalty and require 
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  Table 3 – Potential Long-Term Paths 
 
Path #3b is to move to Hydrocarbon (HC) refrigerants such as Propane (R290) which is a high 
flammability A3 class or Ammonia (NH3) which is a mild flammability toxic B2 class. These HCs are 
close to R22 in terms of system pressure but both would require changing the system architecture to an 
indirect secondary loop (SL) system where these refrigerants can be isolated to the outside.  In this 
configuration, an A1 water-based hydronic loop would run into the building providing cooling/heating 
similar to a chiller configuration common in larger commercial applications and air-to-water heat pumps.  
SL architecture offers the potential for easier integration of other future needs such as water heating, 
thermal storage, etc.  The challenge with SL system architecture is significant cost and efficiency 
penalties due to added pump and secondary HX losses.  HC applications <150g charge levels such as 
small self-contained window and portable AC may be acceptable without SL.  Most investigations on SL 
system architecture had been mainly for refrigeration supermarket applications.  One small manufacturer 
has introduced residential air-to-water H/P with R452B but limited R&D had been conducted on unitary 
A/C and H/P.   Some research was done early on in Europe on R290 air-to-water H/P and on R152a 
Mobile AC by SAE, but this may need to be revisited more holistically relative to HFO system 
architecture.  Fig. 13 is a summary of the pros/cons for SL chiller system architecture qualitatively.  
 
 
Path #3c is to move to CO2, which has main advantages such as A1 and low refrigerant cost, but it is well 
known that its significant challenges are relatively low efficiency for AC conditions, as well as elevated 
compression, and high system costs resulting from ultra high-pressure design for transcritical operation.  
However, cycle enhancement options that have been considered for refrigeration applications exist such 
as vapor injection, ejector, two-stage, expander, evaporative condenser, etc. could be investigated for AC 
applications.  Again, most research work on CO2 had been for supermarket refrigeration applications and 
H/P water heaters.  Limited research has been conducted on unitary AC particularly at high ambient, and 
could be revisited relative to HFO system architecture challenges.  Fig. 14 is a summary of the pros/cons 
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5.  CONCLUSIONS 
 
As <750 GWP interim candidates with balanced tradeoffs among flammability, efficiency and cost, R32 
and HFO blends R452B/R454B offer reasonable Low-LCCP solutions for mainstream A/C and H/P 
applications with performance similar to R410A. The AHRI AREP results have provided a good basis for 
further optimizing the compressor and system towards its theoretical potential as well as mitigating the 
higher compressor discharge temperature.  Their effective GWP is lower when factoring in the 10-20% 
lower system charge.  Their heat transfer and pressure drop characteristics are synergistic with the 
 Pros
» Low Cost A1 Refrigerant
» Can Improve With Better Cycles such as 
Internal HX, Vapor Injection, Ejector, Two-
Stage, Expander, Evaporative Condenser 
etc.
» Better Performance for H/P Heating
 Cons
» Ultra High Pressure (2000+ psi)
» Low Efficiency Transcritical Cycle for AC
» High Cost
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direction of lower-charge, lower-leak, compact heat exchangers for further mitigating the GWP phase-
down as well as A2L flammability.  These interim solutions can help enable new equipment designs to 
meet EPA pending HFC bans by mid 2020+ timeframe, assuming the industry committees resolve the 
A2L standards, followed by building codes by 2021.  More system data from the AHRI AREP program 
with optimized components are encouraged to solidify further trends.   
 
It is still uncertain what GWP will ultimately be needed to meet the long term 15% cap in the final phase-
down model by 2030+ due to several uncertainties.  The potential long term paths have been identified in 
this paper and evaluated relative to the pros/cons qualitatively.  More disruptive paths <150 GWP will 
likely involve system architecture change.  All paths need to be re-evaluated holistically from the 
standpoint of LCCP, architecture features integration, overall cost, and user comfort functionality, taking 
into account future requirements that may emerge from the mega trends and market dynamics.   
 
It is possible that the industry low GWP portfolio may include multiple paths and the development of 
compact, low charge, low leak HX with high heat transfer and low pressure drop.  The DOE is also 
sponsoring R&D funding for several non-vapor compression alternatives as part of long term low GWP 
solutions portfolio but these are beyond the scope of this paper.  Broader industry R&D collaboration is 
encouraged to identify the best overall long term direction. 




A2L : ASHRAE refrigerant mild flammability rating index 
A3 : ASHRAE refrigerant high flammability index 
A/C : Air Conditioner 
AREP : Alternative Refrigerants Evaluation Program 
DOE : Department of Energy (US) 
DLT : Discharge Line Temperature 
EER : Energy Efficiency Ratio (Btu/wh) 
GWP : Global Warming potential 
HC : Hydrocarbons 
HFO ; HydroFluoro Olefins 
H/P : Heat Pump 
HSPF : Heating Seasonal Performance Factor (Btu/wh) 
HX : Heat exchanger 
IEER : Integrated Energy Efficiency Ratio (Btu/wh) 
LCCP : Life Cycle Climate Performance 
LGWP ; Low Global Warming Potential (Low GWP) 
ODP : Ozone Depletion Potential 
SAE : Society of Automotive Engineers 
SL : Secondary Loop 
SNAP : Significant New Alternatives Policy (EPA) 
Te : Evaporating Temperature 
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